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Objective: Evolving endovascular therapies have transformed the management of vascular disease. At the same time, the
increasing use of non-invasive vascular imaging techniques has reduced the opportunities to gain the required basic wire
and catheter handling skills by performing diagnostic catheterizations. This article reviews the evidence for alternative
tools currently available for endovascular skills training and assessment.
Methods: A Literature search was performed on pubmed using combinations of the following keywords; endovascular,
skills, training, simulation, assessment and learning curve. Additional articles were retrieved from the reference lists of
identified papers as well as discussion with experts in the arena of medical education.
Results: Available alternatives to training on patients inclue synthetic models, anesthetized animals, human cadavers and
virtual reality (VR) simulation. VR simulation is a useful tool enabling objective demonstration of improved skills
performance both in simulated performance and in subsequent in-vivo performance. Assessment modalities reviewed
include time action analysis, error analysis, global rating scales, procedure specific checklists and VR simulators.
Assessment in training has been widely validated using VR simulation. Rating scales and checklists are presently the only
assessment modalities that have demonstrated utility outside the training lab.
Conclusion: The tools required for a structured proficiency based endovascular training curriculum are already available.
Organization of training programs needs to evolve to make full use of modern simulation capability for technical and
non-technical skills training. (J Vasc Surg 2007;46:1055-64.)Endovascular treatment options are being increasingly
applied to all territories of vascular disease.1-3 As a result of
the expansion of therapeutic endovascular treatment op-
tions, there is a need to address the specific issue of endo-
vascular skills training. At present, training is mainly carried
out on patients which raises a number of concerns in terms
of patient safety and expense.4 Endovascular skills training
shares some of the problems associated with the early
experience of therapeutic laparoscopy.5 There is a different
set of skills required when compared with open surgery, in
combination with additional cognitive factors in decision
making, judgment, and communication.
In addition, there are relatively few experts world-
wide for newer techniques such as carotid artery stenting
(CAS), which leads to difficulties in developing struc-
tured training programmes.6 CAS is emerging as an
alternative to carotid endarterectomy.7,8 A range of clin-
ical specialists have expressed an interest in performing
CAS ranging from vascular surgeons to interventional
radiologists, cardiologists, neurologists, and neurosur-
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sults of technical error in CAS as evidenced by the
recently published EVA 3S trial which was terminated
prematurely as a result of an excess stroke and death risk
in the endovascular arm (30-day incidence of any stroke
or death 3.9% after endarterectomy vs 9.6% after CAS).10
A major criticism of this study was that CAS was per-
formed by relatively inexperienced interventionalists. In
order to ensure that only appropriately trained individu-
als carry out such high stakes procedures, it is necessary
to develop structured training programs underpinned by
objective measures of proficiency.
Simulator based training is likely to play an increasingly
important role in skills based training.11 Virtual reality
simulator training in particular appears to be well suited to
endovascular skills training, enabling novice subjects to
learn basic wire and catheter handling skills, and expert
practitioners the opportunity to rehearse new procedures in
the skills laboratory prior to intervention on patients. Inte-
grated simulator based training may help to overcome
some of the inherent difficulties of learning to operate using
a two-dimensional view and offers a unique opportunity to
objectively demonstrate technical competence as part of the
credentialing process. This article reviews the evidence with
regards to endovascular skills training and assessment. The
relative merits of the different training tools currently avail-
able are discussed.
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Basic wire and catheter handling skills have previously
been acquired by performing diagnostic catheterization stud-
ies, the number of which has been significantly reduced due to
increased availability of noninvasive techniques such as duplex
ultrasonography, computed tomography, and magnetic reso-
nance angiography.12 There are, however, alternatives to ac-
quiring new skills on patients. These include synthetic and
animal based models, though more recently virtual reality
(VR) trainers have been developed (Table I).
Synthetic models. Synthetic models range from low
fidelity solid plastic models to high fidelity systems with
Table I. Available simulation models for endovascular skil
Simulation model Advantages Disadvantage
Synthetic ● Standardized task
● Cheap
● Easily transported
● X-ray screening not
required
● Lacks validated ass
tool
● Advanced task sim
poor ie, carotid/
intracranial
● Single use endovas
devices
● Dynamic behavior
arterial system not
duced
Animal ● High degree of
realism using live
anaesthetized
animal
● Full procedure
simulation
(including
arteriotomy and
closure)
● Lacks validated ass
tool
● Single session use o
● Endovascular tools
re-usable
● Anesthesia require
● Specialist facilities
● Legal and ethical p
● Size and anatomica
differences to hum
● Cost high
Human cadaver ● Full procedure
simulation
(including
arteriotomy and
closure)
● Realism high
● Lacks validated ass
tool
● Single session use e
cular tools not re-u
● Cost high
Virtual reality ● Standardized Task
● High degree of
realism
● Validated
assessment metrics
● Multiple modules in
various anatomical
territories
● Patient specific
simulation possible
● Endovascular tools
re-usable
● Significant setup, t
and maintenance c
● Frequent breakdow
*Reusable if refrigerated but once stent deployed this part of circulation no
†Not reusable therefore cumulative cost is high.
‡Simsuite (MSC) lease agreement over 3 to 6 years $200,000 to $ 500,000
clinical educator, maintenance, and technology upgrades.pulsatile flow and fluoroscopy13,14,15 (Fig 1). These mod-els are relatively inexpensive costing from $3000 per unit
and benefit from being portable and simple to set up. They
cannot, however, fully replicate the dynamic behavior of
the human arterial circulation in terms of the elasticity of
arterial walls or blood flow. Advanced models such as
carotid territory simulation are also limited by the effect of
friction during passage of devices through curves.16
Low-fidelity simulation is an effective method of mini-
mally invasive skills training.17 Catheter and wire behavior,
stent deployment, and balloon inflation can be taught
effectively using real devices with the benefit of force feed-
back. The draw back of using real tools, however, is that
ining
Published results of
endovascular training
studies Relative cost
nt
n
-
● None ● Unit cost $3000
● Additional costs
(Endovascular tools, skills
laboratory)
nt
mal
ms
● Significant improvement
in skills performance of
endovascular novices
using porcine training
model35
● Unit cost $1000†
● Additional costs (Specialist
facility, disposal of
carcasses, veterinarian,
specialist caretaker)
nt
as-
● None ● $1000-$3000 per
cadaver*
● Additional costs (Specialist
facility, preparation of
body, transport by
undertaker, cremation)
ort ● Significant improvement
in simulator performance
of novice
interventionalist.31-36,55
● Significant improvement
in in vivo
performance35,41
● Unit cost approximately
$100,000 to $200 000
(dependant on software
and modules)‡
● Annual service contract
$10,000 to $16,000
● Additional costs (Skills lab
transportation and
insurance)
r available for device deployment.
nnum, dependant on curriculum requirements and includes provision of als tra
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longedeployment of single use devices is wasteful and adds to the
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essential early step in training, though for advanced skill
training higher fidelity options such as animal models and
Fig 1. Synthetic endovascular simulator with aortic aneurysm
insert. Sawbones®, Vashon, Wash (www.sawbones.com).
Fig 2. Right internal carotid artery lesion. Procedicus VIST,
Mentice, Gothenburg.VR simulation may be needed.Animal models. Animal models offer a high degree of
realism with the possibility of artificially inducing stenotic
and aneurysmal disease by endothelial injury18,19 and su-
tured patches,20 respectively. Use of animal models is lim-
ited by expense, requirement for specialist facilities, legal
and ethical issues, as well as anatomical and size differences
between animals and humans. Furthermore, the animals
can only be used for one session. Despite these limitations,
large animal models offer a highly realistic training option
for advanced interventions.
Human cadavers. A human cadaveric model has also
been described that offers realistic conditions for training
and testing endovascular devices. The process establishes
pulsatile flow in the arterial tree of a human cadaver follow-
ing a thrombolytic process.21 Fresh frozen human cadavers
were used. Antegrade arterial flow was established by
pumping fluid into an inflow cannula placed in the de-
scending aorta via the axillary artery and an outflow cannula
in the superficial femoral artery, thus, providing antegrade
pulsatile flow. The cadaveric model allows full procedures
to be performed including arterial puncture and closure
though preserved cadaveric tissue differs in feel and defor-
mation from living tissue. Limited availability and high
costs related to preservation and appropriate storage limit
the potential use of human cadavers for endovascular
training.22
Virtual reality systems. Virtual reality (VR) simula-
tion uses a computer-generated three-dimensional model
of the vascular tree allowing the user to interact with the
simulation through an interface device.23 Reusable, modi-
fied instruments are used with the active tip produced by
the simulation. Recent developments in computing power
and volume rendering techniques enable a high degree of
realism in simulated fluoroscopic images (Fig 2). Patient
specific simulations are also possible which may allow re-
hearsal of a procedure prior to performing the real case.
High fidelity VR simulation is already available. These
simulators can be reused ad infinitum, with no ethical issues
related to their use c.f. animal models and the ability to
objectively and instantly assess training performance.
There are disadvantages to VR simulation though.
These devices represent a significant capital cost with each
unit retailing for approximately $ 200,000, with additional
maintenance costs. The devices are still prone to technical
failure and require regular calibration and maintenance.
Despite the cost, computer based simulation may be an
attractive option for endovascular training. Although they
will not replace training on patients completely, a realistic
training experience is possible, with the added benefit of
objective and immediate assessment of performance.24
Trainee’s can repeatedly perform a procedure or indeed a
maneuver until proficiency has been demonstrated. The use
of a standardized task may allow the development of a
proficiency based curriculumwith subjects demonstrating a
predetermined benchmark level of expertise prior to inter-
ventions on patients.25,26
Commercially available VR endovascular simulators
can be described as part-task simulators as arterial puncture
ounda
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vascular simulators include Procedicus VIST™ (Mentice,
Gothenburg, Sweden), Angiomentor (Simbionix, Cleve-
land, Ohio), Simsuite (Medical Simulation Corporation,
Denver, Colo), Endovascular Accutouch (Immersion
Medical, Gaithesburg) (Table II). The Procedicus VIST
simulator comprises a mechanical unit housed within a
plastic mannequin cover, a high-performance desktop com-
puter, and two display screens. Modified instruments are
inserted through the access port using a haptic interface
device. The term haptic relates to tactile feedback which is
created by a series of motorized carts which lock onto the
inserted instrument allowing the subject to manipulate the
simulated instrument in real-time with force-feedback ie,
mechanical stimulation of the sense of touch. Commer-
cially available simulationmodules include occlusive arterial
disease in the coronary, carotid, renal and ileo-femoral
regions, and over the wire lead placement for biventricular
pacing. The subject is able to select appropriate instruments
and perform interventional procedures using the simulated
fluoroscopic screen. Performance is measured using metric
parameters such as volume of contrast fluid used, fluoros-
copy time, and markers of stent placement accuracy.
The Angiomentor Ultimate endovascular trainer has a
similar range of arterial procedures to the VIST and also
boasts advanced haptic technology. It differs from the
Table II. Comparison of VR endovascular trainers
Device Description Modu
Angiomentor
Symbionix
(1) Part procedure simulator
(2) Haptic feedback
(3) Neurological and
pharmacological
responses
(4) Metric assessment
Carotid, renal,
coronary
Accutouch
Immersion
Medical
(1) Part procedure
simulator.
(2) Haptic feedback
(3) Physiological responses
(4) Metric assessment
Carotid, renal,
coronary art
Procedicus
VIST™
(1) Part procedure
simulator.
(2) Haptic feedback
(3) Metric assessment
Neurointerven
carotid, rena
SFA, corona
Simsuite Medical
Simulation Corp.
(1) Part procedure trainer
(2) Haptic feedback
(3) Neurology and
pharmacology responses
Neurointerven
carotid, coro
renal, Iliac a
of patent for
ovale
SIR, Society of Interventional Radiology; CRF, Cardiovascular Research F
Internal Medicine).VIST in that there is greater emphasis on patient monitor-ing, drug administration, and response to physiological
disturbance (Fig 3). For example, administration of atro-
pine to correct bradycardia induced by carotid sinus stim-
ulation and appropriate therapeutic responses to chest pain
or breathlessness. Two cheaper and more portable editions
have become available recently, the Angiomentor Express
and the AngiomentorMini. These have a similar simulation
package but less peripheral attachments such that the Mini
can fit into a hand held case.
The Simsuite is a larger simulator system with up to six
interactive screens to facilitate multidisciplinary team train-
ing. Similarly to the Angiomentor system, response to
patient physiology features substantially in the simulation.
Additionally though, appropriate case selection and man-
agement are also taught. The Endovascular Accutouch
simulator also boasts peripheral arterial, carotid, and coro-
nary simulation modules with metric based assessment.
The reliability of simulator devices remains problem-
atic, and there is a noteworthy requirement for regular
maintenance and calibration. The main problem with the
use of computer based simulation is not setting up VR labs;
it is keeping the simulators up and running. Technical
difficulties do occur frequently in particular following
rough handling by inexperienced subjects. In the authors’
institution, the most problematic component is the haptic
interface mechanism. This part of the device is composed of
Assessment parameters Validation studies
SFA, Quantitative metrics, qualitative
metrics, clinical errors,
hemodynamic features,
handling of complications
(Ongoing study by
SIR, CRF)
Quantitative metrics, qualitative
metrics, procedure
complications, hemodynamic
features
● Wang et al, construct
validity for cardiac
lead placement66
,
c/
Quantitative metrics, qualitative
metrics, clinical parameters,
technical errors
● Face validity (4
studies)31,32,35,55
● Construct validity
(4 studies)31-33,60
● Transfer of training
(2 studies)35,41
,
sure
Quantitative metrics, qualitative
metrics, clinical parameters,
technical errors,
hemodynamic features,
handling of complications
Dawson et al,
improved technical
skill of residents
following simulator
based training.34
(Pilot studies on behalf
of ABIM and SCAI
to determine
construct validity
and benchmark
performance
underway.)
tion; SCAI, Society for Cardiac Angiography; ABIM (American Board ofles
iliac/
iliac,
ery
tions
l, ilia
ry
tions
nary,
nd clo
amenmotorized carts that grip inserted instruments producing
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optimum levels of force-feedback. This needs to be checked
daily and is dependent on environmental temperature
which needs to be stable. Inserted tools are detected by the
haptic interface using an optic mechanism which distin-
guishes both the presence and the diameter of the instru-
ment allowing the selected tool to be simulated. This part
of the unit requires calibration less frequently (weekly),
though is subject to interference from dust particles and
debris (typically from broken catheters). The majority of
these calibration and maintenance tasks are carried out by
research fellows in our institution (following manufacturer
training) but skilled technical support is required for heavy
usage periods especially involving more challenging cases
such as carotid artery stent procedures. A service contract
with the various companies is possible and varies in price
depending on the number of simulators and institution.
For example, the annual service contract for angiomentor
(Simbionix) is approximately 10% of the simulator price,
$10,000 to $16,000. Simsuite (MSC) on the other hand
retains responsibility for servicing their machines as part of
their lease agreement. With regard to endovascular tools,
real life tools can be used but the floppy tips of guide wires,
stents, or embolic protection device need to be removed.
The evidence for VR in endovascular skills training.
It is incorrect to assume that a realistic simulation equates
to an effective training or assessment model.27 Compared
with skills training in open and laparoscopic surgery there is
a relative paucity of research in the domain of endovascular
skills training. Recently, there have been a handful of papers
reporting on VR simulation in endovascular skills training
(Table III). In addition to developments in the realism of
VR simulation, demonstration of reliability, feasibility, and
validity is necessary (Table IV). These studies have so far
sought to establish the value of these devices as training and
assessment devices.
Training potential of VR endovascular simulation.
The term “learning curve” used in the context of skills
training refers to the time taken and/or the number of
procedures an average practitioner needs to be able to
perform a procedure independently with an acceptable
Table III. VR endovascular training studies
Study Simulator device Module
Wang et al (2001)66 Accutouch Cardiac lead place
Dayal et al (2004)31 VIST Carotid
Hsu et al (2004)32 VIST Carotid
Aggarwal et al (2006)33 VIST Renal
Hislop et al (2006)60 VIST Carotid
Berry et al (2006)77 VIST Renal
Patel et al (2006)55 VIST Carotid
Chaer et al (2006)41 VIST Iliac/SFA
Dawson et al (2007)34 Simsuite Iliac
Berry et al (2007)35 VIST Iliac
Neequaye et al (2007)36 VIST Iliac and renaloutcome.28 Two types of variables are generally used; mea-sures of patient outcome such as complications and survival
or measures of surgical process such as blood loss and
operative time.29 Endovascular practitioners have a proce-
dure related learning curve. Lin et al analyzed the outcomes
of sequential groups of patients undergoing carotid artery
stenting and demonstrated decreased procedure-related
complications, fluoroscopic time, and contrast volume used
with increased physician experience.30 Simulation based
training may allow the early part of this learning curve to
take place without exposing patients to unnecessary risk.
Studies examining the potential for using VR systems in
endovascular skills training have analyzed the learning
Face validity
Construct
validity
Training
potential
Transfer of training
to in vivo
Yes
Yes Yes Yes
Yes Yes Yes
Yes Yes
Yes
No
Yes Yes
Yes
Yes
Yes Yes Yes
Yes
Table IV. Qualities of the ideal surgical assessment tool
(Aggarwal et al; Ann Surg 2007)
Feasibility is a measure of whether something is
capable of being done or carried out
Validity
Face validity is the extent to which the examination
resembles real life situations
Content validity is the extent to which the domain that is
being measured is measured by the
assessment tool—for example, while
trying to assess technical skills we may
actually be testing knowledge
Construct validity is the extent to which a test measures
the trait that it purports to measure.
One inference of construct validity is
the extent to which a test
discriminates between various levels of
expertise
Concurrent validity is the extent to which the results of the
assessment tool correlate with the
gold standard for that domain
Predictive validity is the ability of the examination to
predict future performance
Reliability
Test-retest is a measure of a test to generate similar
results when applied at two different
points
Inter-rater is a measure of the extent of agreement
between two or more observers when
rating the performance of an
individualmentcurves of both novice and expert subjects. Dayal et al
h dru
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procedure by novice subjects in terms of improved proce-
dure time, fluoroscopy time, and supervisor assessment of
catheter handling following a minimum of 2 hours of
supervised training on the VIST simulator. Expert subjects
(300 endovascular procedures) did not show any statisti-
cally significant improvement following training.31 Hsu et
al performed a randomized study in which both novice and
expert subjects (50 endovascular procedures) were ran-
domized to receive supervised simulator based CAS train-
ing or no training. Significant improvement in procedure
completion time was reported in the group randomized to
simulator training in both novice and expert subjects.32
Aggarwal et al analyzed the learning curves of experienced
open vascular surgeons and demonstrated improved per-
formance (procedure time and contrast fluid used) follow-
ing VR simulator training using a renal artery stenting
model.33 Similar improvements in simulator performance
following training have been reported for Iliac and renal
angioplasty.34-36
These training studies tend to suggest that inexperi-
enced subjects in particular derive significant benefit in
terms of improved performance on the simulator with
repetitive practice compared with expert subjects who also
have a short learning curve as they become familiar with the
simulator. The suggested benefit of simulation based prac-
tice is that subjects gain basic psychomotor skills that
become automated by the time they perform procedures in
real patients.37 Before widespread adoption of simulators
into the endovascular curriculum, it is necessary to demon-
strate transfer of endovascular skill to real procedures.
Transfer of skills from endovascular training lab to
patient. Skills transfer ie, significant improvement in op-
erative performance following a period of dedicated skills
training, has been demonstrated following VR training in
laparoscopy,38 lower gastrointestinal endoscopy,39 and
bronchoscopy.40 Recent evidence of skills transfer using
Fig 3. Simulated physiology monitoring witVR simulation for endovascular skills training is encourag-ing with improved performance in the catheterization lab
demonstrated in vivo. Berry et al performed a randomized
trial comparing a live porcine model with VR simulation
training to perform an iliac artery angioplasty task. Total
score (combined global rating scale and task specific check-
list) improved significantly with repetitive practice in both
the porcine and VR groups. Notably, this improvement was
shown to transfer from the VR simulator to the porcine
model.35 The first randomized trial examining transfer of
VR endovascular training to the human model was carried
out by Chaer et al who assessed performance of two super-
vised iliofemoral angioplasty procedures by twenty general
surgery residents in vivo. Following didactic teaching, half
were randomized to receive a maximum of 2 hours of VR
simulation training; the remainder received no further
training. The simulator trained group improved signifi-
cantly compared with the control group using a procedure
specific checklist and a global rating scale to assess perfor-
mance.41
Performance benchmarks. Simulator derived perfor-
mance reporting also allows the learning curve of an indi-
vidual trainee to be tracked, leading to the development of
a proficiency based training curriculum with progress
determined by demonstration of skills performance to a
predetermined benchmark level. Personalized training
such as this may be a more effective way of training than
undertaking a set number of repetitions or time.42 Fur-
ther work is required to define appropriate benchmark
levels of skill both within the VR simulation environment
and in vivo.
ASSESSMENT IN ENDOVASCULAR TRAINING
Current guidelines with regards to who is competent to
perform endovascular procedures are largely based on the
number of procedures performed and time in training.43
However, these recommendations rely on crude data that
are recognized to be unreliable and indirect measures of
g administration (Angiomentor, Simbionix).technical skill.44,45 There is increasing recognition that the
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not equate to expertise. As a result, the trend in medical
skills training is a move towards using objective assessment
tools to demonstrate technical competence.
Objective measures of skills performance are not well
reported in endovascular interventions. A number of assess-
ment tools are available including time-action analysis,
error analysis, global rating scales and procedure specific
checklists, motion analysis, and, perhaps most promising,
VR simulators.
Time-action analysis. Time-action analysis has been
used as a method of objective assessment of performance in
open and minimally invasive surgery.46-48 The method can
be applied to real life or simulator performance and involves
breaking down the procedure into a series of steps with
performance analyzed by how long an individual takes to
complete each step.49,50 This procedure is, however, man-
power intensive in terms of setup and video analysis time. In
addition, the amount of time taken to complete an individ-
ual procedural step does not offer any measure of quality of
performance. Therefore time action-analysis may be more
useful as a research tool offering an insight into instrument
design and procedural efficiency.
Error analysis. Human reliability and error analysis is
an evolving field in healthcare. Error scores have been
proposed as discriminators of technical skill though inher-
ent difficulties exist in defining surgical or medical error as
there is no standardized taxonomy.51 It is, however, possi-
ble to differentiate technical skill by examining both the
frequency and type of error committed during laparoscopic
cholecystectomy52,53 and pyloromyotomy.54 To date, er-
ror analysis in endovascular training and assessment is at an
early stage with no reported studies examining this ques-
tion in vivo.Modern simulator technology allows reporting
of catheter and device handling errors. Patel et al reported
a reduction in the composite catheter handling error scores
of interventional cardiologists performing a VR carotid
angiogram following simulator training.55
Simulation and in vivo error analysis may be a feasible
option though further work is required in terms of the
definition and relative weighting of different types of error.
This is a potentially exciting area and could include clinical
errors such as case selection and drug administration as well
as technical errors related to device handling; though they
require further refinement these errors are already reported
by the current generation of VR simulation devices.
Rating scales and procedure specific checklists. A
global rating scale is a quantitative assessment tool based on
appraisal of seven aspects of quality in operative perfor-
mance. Each component is marked using a five-point Likert
scale.56 This method has been demonstrated to differenti-
ate between experience levels in both open and minimally
invasive surgery.57-59 A modified global rating scale has
been shown to differentiate endovascular experience and
training using a virtual reality simulator.60 The first two
studies examining VR transfer of training to the catheter-
ization lab both usedmodified rating scales.35,41 Procedure
specific checklists used in conjunction with global ratingscales have been shown to be effective and reliable assess-
ment tools of surgical dexterity using synthetic and cadav-
eric models as well as in live operating.61,62 Post hoc video
analysis though not mandatory does reduce the potential
for bias. The main disadvantage of this mode of assessment
is that a large amount of time is required from expert
assessors. Full length video viewing is required as edited
video assessment appears to reduce the reliability of assess-
ment.63 The feasibility of using global rating scales and
checklists for endovascular skills assessment is not proven
though this system has been extensively validated in other
fields of minimally invasive surgery and is a promising
prospect for in vivo assessment of endovascular skill.
Motion analysis. Motion analysis may offer a less time
consuming option. Efficient and purposeful hand move-
ments are a discriminator of technical skill in surgery.64 The
technology is already available and indeed surgical dexterity
is currently assessed using this modality for the open sur-
gery portion of the European Board of Surgery Qualifica-
tion in Vascular Surgery (EBSQ-VASC) examination. The
Imperial College Surgical Assessment device (ICSAD) is
used to track hand movement in three-dimensions using
electromagnetic sensors with a composite score based on
economy of movement and qualitative analysis.65 This is a
potentially exciting area for future research with no pub-
lished studies to date examining hand motion analysis in
the endovascular arena.
VR simulators. The major advantages of VR simula-
tion is the ability to automatically and instantly provide an
objective performance report based on quantitative and
qualitative assessment parameters. Error scores and rating
scales can also be used in conjunction.55,60. Used in a
standardized setting, it is possible to distinguish between
subjects of different levels of experience.31-33,66 Assess-
ment of nontechnical skills such as appropriate drug admin-
istration and physiological monitoring is also possible with
most of the current generation of simulators. For example
SimSuite (Medical Simulation Corp) requires appropriate
case selection and Angiomentor (Symbionix, Cleveland,
OH) has advanced patient physiology reporting with the
ability to administer a range of drugs including heparin,
atropine, and glycerine trinitrate.
The validity of this method of assessment is under
evaluation. Currently, performance reporting remains un-
satisfactory. Quantitative measures of performance related
to procedure time and use of the C-arm are well reported
but further work is necessary in developing more subtle
indicators of performance and judgment such as clinical
outcome and technical error. Though further work is re-
quired, simulation based assessment is potentially a mech-
anism for selecting candidates for surgical or interventional
training programs and may be a requirement for revalida-
tion or gaining credentials to perform procedures.67
DISCUSSION
The current trend inmedical skills training is amove away
from the traditional apprentice model of graded responsibility
to a more structured approach towards the attainment of
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used by educational psychologists refers to one who has auto-
mated basic psychomotor skills and spatial judgements.69
Moving a trainee forward to this position is attractive because
he or she is able to come into the operating/interventional
suite armed with basic technical skills that allow them to learn
procedures more effectively with less risk to the patient.70
Mentorship within the curriculum will be the key to learning
via simulation, using simulation as a tool.67
As part of a well planned training curriculum, simulator
training and in particular VR training offers significant
benefits in the context of a competence or proficiency based
training program because simulators can be used early on in
the learning experience to acquire and reinforce basic wire
and catheter handling skills prior to learning on patients.41
The available evidence tends to suggest that inexperienced
subjects are able to improve their endovascular skills per-
formance with repetitive practice using VR simulation.32
Animal and synthetic models are likely to offer similar
benefits though cost and ethical implications make animal
models impractical. Both modalities, animal and synthetic
suffer because of the absence of a reliable and objective
performance assessment tool.
Further work to validate VR simulators as assessment
tools is required especially to examine the question of skills
transfer from simulation to real life if they are to fulfill their
potential to provide a high fidelity training experience and
objective assessment of endovascular skill.67 In particular, the
transfer effectiveness of VR endovascular training is not estab-
lished. This concept, which is derived from aviation simula-
tion, can be defined as the ratio of time spent in simulator
training to time spent in the aircraft to achieve a given level of
competence.71 Assessment tools for in vivo performance are a
fundamental requirement to demonstrate the efficacy of sim-
ulator based training and assessment. Amodified global rating
scale may be an option for in vivo assessment, but motion and
error analysis systems already described in other fields of
minimally invasive surgery hold much promise in the identifi-
cation of expert levels of performance.
Simulation based training is unlikely to replace real life
experience but is an adjunct for training to allow novices to
learn basic skills away from the patient leading to a shorter
and flatter learning curve. The effectiveness of simulation in
this regard ie, effectively moving a trainee forward in their
individual learning curve is not proven. Despite rapid
progress in the development of simulator technology, in
particular computer based simulation, there is still a con-
siderable gap in knowledge about how best to make use of
this technology. Further work is required to develop and
validate training curricula such that they are able to deliver
the required end product, a safe and proficient practitioner.
Ideally, in addition to pure technical skill the curriculum
should also teach cognitive knowledge and decisionmaking
skills to ensure appropriate case selection as well as the
ability to detect and correct complications. What device is
required at various stages of training is yet to be established.
Task analysis is required to determine what core skills are
required as well as how they are best delivered by theavailable modalities of training. Advanced simulation may
not be necessary early in the learning curve. Basic skills tasks
such as wire and catheter may be effectively taught by
relatively cheap synthetic models prior to performing com-
plete procedures using VR simulators or anesthetized ani-
mals in “wet labs.” Additionally, the use of simulation for
nontechnical skills training such as leadership and commu-
nication is required. There are a variety of good tools
already available for endovascular skills training. Organiza-
tion of these into a stepwise proficiency based training
curriculum requires further work in terms of the process of
training rather than attempts to develop increasingly so-
phisticated simulation models.
Patient specific simulation allows so called mission re-
hearsal. Cates et al report using a patient’s magnetic reso-
nance angiogram to generate a VR simulation with which
they were able to prepare for a live case by practicing a CAS
procedure using a reproduction of the patients own vascu-
lar anatomy. Preprocedure review of the arch angiogram
usually allows identification of difficult arch anatomy, how-
ever, using VR simulation for rehearsal affords the oppor-
tunity to experiment with different catheter shapes to se-
lectively cannulate the target artery and size the stent and
embolic protection device. This may improve procedure
efficiency and also reduce risk to the patient from catheter
manipulation in the arch.72
VR simulators may also be useful in the context of
nontechnical skills training and assessment. Communica-
tion and team working skills are increasingly recognized as
important determinants of patient outcome. Rehearsing
crisis scenarios in particular may allow the team to deal with
real life crises in a safe and ordered way.73 The endovascular
interventional suite is a complex environment requiring
interaction between a large multidisciplinary team includ-
ing doctors, nurses, radiographers, porters, and clerical
staff. The importance of this team interaction cannot be
underestimated. Effective and safe practice requires that
each member is suitably trained, competent, and familiar
with their surroundings. Simulator based training may al-
low the extended team to practice their individual roles. For
example, the scrub nurse and assistant can be taught about
device characteristics and specific setup requirements at a
safe and convenient time. The virtual operating room con-
cept seems an ideal way of improving team dynamics and
communication with the ultimate aim of improving patient
safety and reducing the risk of adverse events.74 Patient
specific procedure training and planning is also a real pos-
sibility with reconstructions reviewed in a multidisciplinary
setting prior to the procedure.
The ideal skills laboratory has not been established. There
are significant infrastructure requirements both physical and
organizational. The physical infrastructure includes well lo-
cated facilities of an appropriate size and layout to enable
didactic teaching as well as skills based training. Utilizing
existing facilities may reduce the associated cost as would
collaboration with other specialties with similar training re-
quirements. For example, vascular surgery trainees require a
similar grounding in cardiovascular physiology and pathology
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open surgical skills to general surgeons and perhaps most
importantly they must develop a similar skills-set to interven-
tional radiology trainees for both endovascular intervention
and imaging techniques such as duplex ultrasound scanning.
The organization of a successful skills lab may require com-
bining some or all of these groups at various stages in their
training. This would be a more efficient use of resources and
increase the faculty pool available. Above all, in addition to
being well funded and organized, the ideal skills laboratory
should have clear aims as to who is to be trained and how to
deliver this training.75
The organization of training program must also be
addressed to take full advantage of modern simulation
capability in individual and team training. Centralized pro-
grams with didactic teaching followed by a period of VR
training with objective assessment of proficiency prior to
graded training on real patients is a possibility and would
reduce the costs associated with setting up and running VR
skills labs. The politics of who pays for training and where
this training will be provided is beyond the scope of this
review, but it appears that the tools are already available,
and in the UK, there is already a move towards regional
radiology academies which may be ideally placed to provide
the training infrastructure.76
Simulation based training offers the opportunity to
shorten the trainee’s learning curve, improve patient safety,
and reduce expense in terms of operating room time. Simula-
tion does not remove the requirement for specialist supervi-
sion. The particular device used is less important than the
curriculum within which it is used, that includes error identi-
fication in addition to skills acquisition.77 In order to benefit
fully from this new technology, training structures need to
evolve to make use of the available technology.
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